The geometrical accuracy of the machined surface can generally be understood mainly as accuracy of shape, orientation, position and run-out. As a general rule; it is quantified by the corresponding deviations from the nominal area. The size of the geometric deviation from the nominal area may in practice affect the conventionally measured value of the dimension, even if the required dimensional tolerance is adhered to. Since electro-erosive machining technology belongs to very precise finishing technologies; even the small geometrical accuracy deviation has a negative impact on the resulting quality of machined surfaces. The aim of the experiments was to contribute to the knowledge database, which defines the influence of the process parameters at electrical discharge machining with the CuZn37 tool electrode on errors of geometrical accuracy of the machined surface. On the basis of the results of the experimental measurements, graphical dependencies were determined which predict geometrical accuracy of the machined surface in terms of the maximum deviation of flatness after electrical discharge machining of tool steel EN X30WCrV9-3 (W.-Nr. 1.2581) with CuZn37 wire electrode of 0.20 mm diameter to determine the appropriate combination of process parameters.
Introduction
Checking of machined surface geometrical deviations is, in general, a relatively complicated process that requires adherence to the relevant technical standards and definitions for deviation measurements. The most important is standard STN EN ISO 1101:2017-08 which describes geometric product specifications (GPS): shape, orientation, position and run-out tolerances. Since the deviations of the machined surface predominantly have the character of continuous random variables, their values can be examined for quantification of the accuracy of the machined surface on the basis of evaluation of a certain range of the test set. The number of required test samples is generally chosen with consideration of the expected course and trends of the evaluated deviation, and the character of the machining process. The range of geometric deviations of the machined surface depends, to a large extent, on the applied machining technology. Because WEDM is one of the finishing progressive technologies with a high degree of machined surface quality, even a small geometrical deviation from the required shape, position, orientation or run-out has an essential impact on the functionality of the finished component. Its extent is greatly influenced by the accuracy of the applied electroerosion device, its stiffness, by the precision of the workpiece and tool clamping, but also by the combination of process parameter settings.
These facts are mentioned by authors Gupta [1] , Garg [2] and Kanlayasiri [3] , who point out the significance of a qualitative parameter, such as geometrical accuracy of the machined surface after WEDM. The geometrical accuracy is characterized mainly by the size and shape as a consequence of the interaction of the wire electrode and the machined material with a certain combination of process parameter settings. Important process parameters that substantially affect the resulting geometrical accuracy of the machined surface after WEDM include the MTP, the working gap, the feed rate v f , wire speed v s of the wire electrode and the flushing pressure of dielectric liquid. The movement and velocity of the wire winding is controlled numerically by a CNC control unit of the electroerosion machine, according to a pre-defined path. This results in the required final shape of the workpiece. In this area, there are many researches focused mainly on the improvement of machined surface quality after WEDM in terms of roughness parameters. The level of quality achieved in terms of the roughness of the eroded surface is relatively high for WEDM technologies. With the use of special wire electrodes, and with the proper combination of the process parameters, the roughness of the machined surface achieved on a state-of-the-art electroerosion devices is comparable to polished surfaces. However, not enough attention is paid to the geometrical accuracy of the machined surface after WEDM. In this area, relatively few studies have been carried out with a positive effect on improving the geometrical accuracy of the machined surface. When increasing the geometrical accuracy of the machined surface in terms of shape and dimensions, the research was oriented mainly on optimizing the feed rate of the wire electrode. Obviously, reducing the wire feed rate has a positive impact on improving the geometrical accuracy of the machined surface, but productivity is substantially reduced. Several authors also performed parametric studies of a part of the geometrical inaccuracy caused by the wire electrode and attempted to model this process mathematically. Researchers Puri and Bhattacharya, for example, have been working in this research area. They examined the geometrical accuracy of the machined surface of steel at WEDM and its dependence on the wire electrode feed rate using the Taguchi method [4] . Based on the experimental results, they found out that the significant factors for geometrical inaccuracy due to wire lag are MTP. At the same time, they found that an increase of pulse duration and no-load voltage cause an increase of the wire wear rate (WWR). Sanchez discussed the influence of the thickness of the machined surface, the mutual angle of the machined surfaces and the number of offset cuts on the accuracy of the machined surface at WEDM [5] . Besides the mentioned facts, the wire electrode material has significant influence on the quality of the machined surface after WEDM in terms of geometrical accuracy. Some research studies have shown that the use of "hard" materials for the wire electrodes leads to their higher vibrations. On the contrary, the use of "soft" materials for the production of wire electrodes has a positive impact on the reduction of vibrations, and thus, the achievement of a higher geometrical accuracy of the machined surface. In this area, Puri and Bhattacharyya conducted an experiment, demonstrating that the vibrations of the wire electrode negatively affect the geometrical accuracy of the machined surface [6] . It follows, from the above analysis, that the geometrical inaccuracy of the machined surface after WEDM develops in two basic directions. Firstly, it depends on the hardware and software accuracy of the guiding of the wire electrode, and secondly on the proper combination of MTP settings and process parameters during WEDM. However, it should be emphasized that the poor guiding of the wire electrode cannot be additionally compensated by optimizing the setting of these parameters. In the first case, for the improvement of the geometrical accuracy of the machined surface after WEDM, some authors recommend using finishing cuts, based on their research. This was also pointed out by Huang et al. [7] , who studied how the number of finishing cuts affects the angular accuracy of the machined surfaces depending on the thickness of the cut. The research has shown that a higher number of finishing cuts has a positive impact on the geometrical accuracy of the machined surface. However, it should be emphasized that a higher number of offset cuts negatively affects the economic efficiency of component manufacturing. A more efficient way to eliminate geometrical inaccuracy is to modify the path of the wire electrode by the wire bend compensation. In this case, however, we are confronted with the problem of accurate measuring of the relative position of the wire electrode to the machined material by contact sensing or contactless optical sensor.
As mentioned above, besides the hardware and software accuracy of the wire guiding, the geometrical accuracy of the machined surface after WEDM is also influenced by a proper combination of process parameter settings. Based on multiple studies, it has been proven that the inappropriate combination of process parameter settings negatively impacts geometrical accuracy. Dodun et al. [8] , when examining errors in geometrical accuracy at machining a small corner angle in thin portions, consider also a modification of MTP (peak current, discharge pulse on-time and off-time duration, etc.). This adjustment, of course, also leads to a reduction of the wire electrode speed, and thus, to a reduction in its vibration. To eliminate the errors in the corner sections of the cut contour, Lin et al. [9] developed a fuzzy control strategy of the wire electrode delay by increasing the discharge pulse off-time duration. Chen, in his contribution [10] , points out the effect of the flushing pressure on the geometrical accuracy of the machined surface. He has observed that during the experiment of WEDM of steel with a wire electrode, a high flushing pressure, led to an increase of the geometrical inaccuracy of the machined surface. Also, the increased working temperature of the dielectric liquid during WEDM has negative effects, by decreasing the geometrical accuracy of the machined surface. This undesirable effect is described in detail by Shahane and Kapoor [11, 12] , and the solution of this problem is considered to be the application of a low-temperature machining mode with cooling of a dielectric fluid. In this context, Singh stresses the need to take account of the heat load at the point of electric discharge by a suitable choice of working gap flushing intensity [13] . This is decisive for the application of full cuts of large cross-sections where the thermal energy accumulates at the point of electric discharge, i.e., in working gap.
In WEDM, the frequently used wire electrode materials are steel, copper, brass, zinc, tungsten and the like. However, all these materials have substantially different mechanical and physical properties. Due to this fact, it is evident that with their application, substantial differences in the final quality of the machined surface are achieved in terms of geometrical accuracy. This is confirmed by the research carried out by Sugimura. In his work [14] , he claims that a higher value of the strength of the wire electrode material has a negative impact on the quality of the machined surface in terms of geometrical accuracy. Kumara, based on the experiments [15] , also found that higher mechanical strength and higher melting point of the wire electrode material negatively affected the range of geometric shape deviations and the size of the machined surface. However, several studies show that much better results of the final quality of the machined surface in terms of geometrical accuracy can be achieved by coated tool electrodes. This is corroborated by the research done by Antar. In his work [16] , he states that with coated tool electrodes, for example based on CuZn, it is possible to achieve significantly better performances and a higher geometrical accuracy of the machined surface after WEDM than with uncoated wire electrodes. Therefore, from the mentioned preview it is clear that both the hardware and software precision of the wire lead, the process parameters and the heat load, considerably affect the final quality of the machined surface after WEDM in terms of its geometrical accuracy [17] . At the same time, the geometrical accuracy of the machined surface in combination with the mentioned WEDM parameters are also influenced by the structure [18, 19] and chemical composition of the wire electrode [20] . However, because of the relatively complex problems in the given area, there is a lack of comprehensive and exact description of the influence of mechanical, physical and chemical properties of the wire electrode material and the machined material, as well as the WEDM process parameters, on the quality of the machined surface in terms of geometrical accuracy [21, 22] . Therefore, the purpose of the current research was to contribute, in particular, to a database of already existing knowledge through clear articulation of individual principles in relation to the processes that take place directly on the eroded surface during WEDM. In particular, the aim is to predict the quality of the machined surface [23, 24] of the tool steel EN X30WCrV9-3 (W.-Nr. 1.2581) in terms of geometrical accuracy at WEDM with CuZn37 wire electrode of 0.20 mm diameter, in its dependence on the setting of the process parameters [25] and MTP. The prediction was performed by mathematical modeling [26, 27] and simulation [28] based on the results of experimental measurements.
Materials and Methods

General Characteristics of Geometric Deviations of Machined Surfaces
In general, machined surfaces [29] do not have absolutely exact dimensions or ideal geometrical shapes [30] . The difference between the required and the real value of the machined surface is quantified by the geometric deviation. As was already mentioned, the geometrical accuracy of the machined surface is in general identified by the shape, orientation, position and run-out deviations. These deviations are quantitatively evaluated as the largest distance of the points of a given area (profile) in the normal direction or as the sum of the absolute values of the greatest distances of the points of the given area (profile) on both sides of the middle element. Figure 1 shows a graphical representation of the principle of identifying the geometric deviation of the shape of the machined surface. The real machined area is represented by the area that is separated from the surrounding environment by (the ideal) nominal area. The shape and size of the ideal area is determined by a drawing or other technical documentation. The envelope surface has the shape of a nominal surface and touches the real surface. The deviation of the shape of the real surface from the shape of the nominal surface is represented by the greatest distance of the real surface points from the envelope surface, in the normal direction to the envelope surface. The deviation of the mutual position of the real area from the nominal area is characterized by the difference between the largest and the smallest distances between these surfaces within the range of the considered section. By run-out deviation we mean the difference between the largest and smallest distances of the points of the real profile of the rotational surface from the base axis in a plane perpendicular to the base axis. For an objective quantitative evaluation of particular geometric deviations of the machined surface [31, 32] , it is necessary to carry out measurements on a certain minimum number, n, of samples. When assessing the deviations of the machined surface made by the steady-state machining processes, where the technological impacts on accuracy are predominantly random, it is advisable to perform a check on n ≥ 5 samples. In the case of electrical discharge machining, where the trend of the parameter varying of the geometric deviations is not known, and when systematically variable influences predominate, a much larger number of n samples is necessary. The statistical interpretation of the geometrical accuracy parameters of a given machined surface is, as a rule, performed on the basis of assumptions about the courses and trends of the evaluated parameters. The formulation of these assumptions can also be based on the knowledge gained from the assessment of similar machining processes [33] . From the point of view of the solved problem, we can distinguish machining processes [34, 35] which correspond to a certain statistical distribution of the evaluated parameters, and machining processes in which the distribution of the evaluated quantities is unknown. In the case of WEDM, it is a machining process in which the statistical distribution of the assessed geometric deviations is unknown.
Identification of Geometric Deviations of the Shape of the Machined Surface after WEDM
The emergence of geometrical inaccuracy of the machined surface after WEDM is the result of many factors acting during the machining process [36] . Each of these negative-acting factors is involved in a certain percentage ratio on the resulting geometric inaccuracy of the machined surface. At the same time, each of these factors causes characteristic initial geometrical inaccuracies of the machined surface. These are mainly the deviations of directness, flatness, circularity, cylindricalness and the shape of the surface. The causes of the geometric deviations of the shape of the machined surface after WEDM can therefore be divided into three categories [37] . Table 1 shows the causes of the geometric deviations of the machined surface after WEDM in terms of machine, tool and workpiece. erroneous clamping of the workpiece, -deformation of the workpiece due to clamping forces, -deformation of the workpiece due to internal stresses in the material, -non-homogeneity of the structure of the machined material.
From the overview of the main causes of geometric deviations of the machined surface after WEDM in Table 1 , it can be concluded that the electrical discharge machine itself has some influence on geometrical deviations. However, almost all of the above-mentioned causes of the geometric deviations of the machined surface, which are related to the electrical discharge machine, are predetermined by the quality of the construction of the machine or by its subsequent wear during operation. Therefore, these parameters cannot be affected, so they were excluded from the experiment [38, 39] . In addition to the influence of the electrical discharge machine itself [40] , the inappropriate choice of process parameters, and parameters related to the properties of the tool and the workpiece, have also decisive influence on the geometrical accuracy of the machined surface after WEDM. These parameters can be affected during the WEDM, so they were further considered during the experiment. These are, for example, parameters related to the MTP, dielectric liquid parameters, tool and workpiece material homogeneity, internal stresses in the machined material and the like. Specifically, MTP settings during WEDM, combined with dielectric fluid parameters and tool and workpiece properties, substantially affect the resulting quality of the machined surface. In addition, with the same properties of wire electrode material and workpiece, a different quality of machined surface material can be achieved by using different machining modes. These are a high-performance machining mode, roughing, standard machining mode, semi-finishing and precise machining mode finishing. A special mode for electrical discharge machining is polishing. Table 2 gives the indicative ranges of the theoretically achievable maximum geometric deviations of the machined surface after WEDM when applying different machine modes. Table 2 . Theoretically achievable maximum range of geometric deviations of machined surface after WEDM with application of different machine power modes.
WEDM Mode
Range of Geometrical Accuracy of Machined Surface high-performance machining mode (roughing) ±10.0 to ±50.0 µm standard machining mode (semi-finishing) ±5.0 to ±20.0 µm precise machining mode (finishing) ±2.0 to ±10.0 µm electrical discharge polishing mode ±1.0 to ±5.0 µm From the mentioned overview, it can be seen that the highest geometrical precision is achieved by the electrical discharge polishing process, in which low energy of electrical discharges is generally used. On the contrary, the largest deviations of geometrical accuracy of the machined surface after WEDM occur in roughing operations using high discharge energy.
One of the decisive factors that are primarily involved in the resulting geometrical accuracy of the WEDM machined surface is also the wire electrode guiding method. Wrong guiding of the wire electrode may cause excessive vibrations [41] or deformations that undoubtedly will be reflected on the final quality of the machined surface [42] . This adverse effect can be, to a certain extent, eliminated by the optimal tension of the wire electrode (Figure 2 ). Considering these aspects, the geometric shape deviation can be reduced to less than 10.0 µm in finishing operations (Figure 3) . The amplitude size and character of vibration of the wire electrode are (besides the force of tension) also influenced by the wire diameter, wire material and the range of MTP settings during WEDM. The amplitude of the wire electrode vibration during WEDM can be relatively efficiently modified by various combinations of MTPs and process parameters. For example, it can be a change of the ratio between the discharge pulse on-time duration t on and the pulse off-time duration t off , the change of the feed rate of the wire electrode v f , the change of the method and the intensity of the flushing of the working space by the dielectric fluid, etc.
As mentioned above, the geometrical accuracy of the WEDM-machined surface depends mainly on the kinematic accuracy of the electrical discharge machine as a whole, the precision of the of the wire electrode guiding and also on the setting of the MTP and the process parameters [43] . Generally, it can be qualified by deviations of the shape of a given profile ∆s, orientation ∆o, position ∆p and run-out ∆v. The geometric deviation of the shape of the machined surface ∆s is generally determined by the difference in shape of the real surface with respect to its ideal shape. Eelatively frequent errors of the geometric shape of the machined surface after WEDM include the flatness deviation. It is mainly caused by vibration of the machine-tool-workpiece system. When the wire electrode moves along the desired path, especially at larger thicknesses of the machined material, the vibration amplitude of the electrode is significantly increased due to the electric discharge and flow of the dielectric fluid [44] . Deviation of the shape ∆s of the real machined surface after WEDM with respect to the required shape can be preliminarily determined by the formula:
where:
δ DEF -is the deviation caused mainly by the deformations and the inaccuracy of the individual parts of the CNC electrical discharge machine. Since this is a force-less machining, this WEDM error is not very significant. Its size is approximately 3 µm;
δ HT -is the deviation that occurs due to the heating of the wire electrode and machined material during electroerosion. This deviation should be considered mainly at the power machining of larger workpiece cross-sections with the use of a wire electrode of larger diameters, or at low cooling capacity of the working space by the dielectric fluid;
δ EM -is the deviation that arises from flaws in the production of the wire electrode. Its size is within the range of about 2 µm;
δ ER -is the deviation that occurs during the WEDM. It can be compensated by the proper combination of settings of MTP and process parameters.
However, the real value of the shape deviation ∆s from the desired shape of the surface after WEDM can only be accurately determined by the experimental measurements.
As mentioned above, the geometrical inaccuracies of the machined surface after WEDM are mainly due to the wear of mechanical parts of the machine, or poor drive control of individual axle drives. To eliminate these effects is, in practice, rather problematic because this would require many complicated interventions in the construction of the technological equipment. However, the deviations of geometrical accuracy caused by the construction of precise and reliable electrical discharge devices are almost negligible compared to errors caused by an improper combination of MTP and process parameters. One of the ways to eliminate the geometrical accuracy errors caused by these factors appears to be the optimizing of these factors. In this case, one of the optimization criteria could be, for example, the minimization of the flatness deviation of the machined surface ∆f.
Conditions of Experiments
Determining the size of the experimental sample is a rather complex process. The size of the sample is influenced by many factors, including the type of the applied machining technology, the required tolerance specifications, the final quality of the machined surface and so on. In the experimental measurement, samples measuring 10.0 × 30.0 mm, and of variable lengths ranging from 20.0 to 100.0 mm were used. These dimensions were determined in accordance with the valid STN ISO/TS 12781-1: 2008 geometric product specifications (GPS) [45] . They were made of tool steel labeled EN X30WCrV9-3 (W.-Nr. 1.2581). It is a high-alloyed, W + Cr + V tool steel with high-strength at high temperatures, good toughness and with resistance to hot tempering. It is used for the production of hot forming tools, shearing tools, fixed, moving parts of pressure die casting molds [46] and the like. Table 3 shows the chemical composition, including the selected mechanical and physical properties of tool steel EN X30WCrV9-3 (W.-Nr. 1.2581). In order to achieve maximum strength [49] and hardness of the base material [50] without internal stress, the samples were thermally treated by martensitic quenching [51, 52] before WEDM. The quenching was performed at a temperature of 1150 • C in oil with subsequent tempering (Figure 4 ) to a hardness of about 52 HRC at 560 • C to remove internal stresses [53] that arose in the quenching process. All samples were made on Sodic AQ 535L electrical discharge machine ( Figure 5 ) (Sodick Europe Ltd., Rowley Drive, Baginton, UK). It is an autonomous CNC electrical discharge device [54] . In the experiments, the CuZn37 wire electrode, also referred to as Ms63, with a diameter of 0.20 mm, and the material designation EN CW508L (W.-Nr. 2.0321) was used. This is a 63/37% Cu and Zn compound. The basic mechanical, physical and chemical properties of the material used for the coated wire electrode are given in Table 4 . The working medium was a dielectric liquid based on deionized water. The required properties of the dielectric liquid were achieved with the AMBERLITE MB9L deionization resin. It is a homogeneous mixture of strongly acidic cation exchanger (46-55%) in the form of hydrogen (H+), with strong basic anion exchanger (54-45%) in the form of hydroxide (OH-), with an electrical conductivity of less than 10 µS·cm −1 .
Determination of Flatness Deviations of Eroded Area of Tool Steel EN X30WCrV9-3 after WEDM with Wire Electrode of 2.0 mm Diameter
There are many methods to measure flatness deviations of a machined surface. One of the effective methods for assessing the flatness of eroded surface after WEDM with wire electrode is 3D measurement using a coordinate measuring device. An important part of identifying the flatness deviation as a partial parameter of the geometrical accuracy of the machined surface after WEDM is a precise set up of an experimental sample on the working table of the measuring device, and the subsequent identification of all the control points of the considered eroded area.
An important part of the preparation of the measurement of the flatness of the machined surface after WEDM on a 3D measuring device is the precise setting (clamping) of an experimental sample on the work table. Incorrect clamping of an experimental sample can lead to deformations, and thus affects the measurement result. The principle of measuring the flatness of the machined surface after WEDM on a 3D portal coordinate measuring device DAE Global Classic (ZA des Bois Blanche, Montoire, France) consists of mechanical contact of the measuring tip with the measured surface. The measured point is recorded at the moment when the measuring tip is deflected so much that either a mechanical contact is interrupted or a sufficiently large force is generated to turn on the pressure sensitive circuit. The signal generated by the metering device provides information to the control computer about the position of the measured point. The measurement is, in general, performed perpendicularly to the measured surface. For measurements at angles greater than 20 • , the measurement deviation is approximately 1 µm. Figure 6 illustrates the process of identifying the boundary points of the assessed machined surface after WEDM, and determining of a zero plane of a precisely clamped experimental sample on the working table of the DAE Global Classic 3D portal coordinate measuring device [55] .
In the experimental evaluation of the flatness deviations of the machined surface after WEDM, the following sample dimensions were used: 10.0 mm (sample thickness) × 30.0 mm (sample width) and variable length ranging from 20.0-100.0 mm. The samples were made from EN X30WCrV9-3 (W. 1.2581) tool steel using WEDM with CuZn37 wire electrode with 0.20 mm diameter; MTP and process parameters were set to the values that correspond to the roughing, semi-finishing and finishing conditions. The experimental set consisted of 18 samples; for each sample length (20.0; 30.0; 40.0; 50.0; 70.0 and 100.0 mm), three qualitative groups of machined surface were produced. The first qualitative group represented experimental samples with roughness Ra > 2.5 µm, which were made with the highest discharge energy in high-power mode, i.e., by WEDM roughing. The second qualitative group represented experimental samples with roughness within the range 2.5 µm ≥ Ra ≥ 0.80 µm, which were made with standard discharge energy, i.e., WEDM semi-finishing. The final, third, qualitative group represented experimental samples with roughness of Ra < 0.8 µm, which were made with the lowest discharge energy in precision mode, i.e., by WEDM finishing. Another important step in the measurement of deviations of flatness of the eroded surface after WEDM, was the definition of the check points diagram and the determination of the individual spacing in the transverse (x-axis) and longitudinal (y-axis) directions in accordance with the valid standard STN EN ISO 12781-2: 2011-08 01 4408) (geometrical product specifications (GPS), flatness and rectangular grid extraction strategy) [45] . Figure 7 demonstrates the scheme and the check points spacing for measuring the flatness of the eroded area on an experimental sample. The spacings of the individual check points t 1 and t 2 in the experimental sample were determined according to the Equations (2) and (3):
and
BN-width of the measured area, LN-length of measured area, t 1 -distance of the measured points in the longitudinal direction, t 2 -distance of the measured points in the transverse direction, n 1 -number of measured points in the longitudinal direction, n 2 -number of measured points in the transverse direction.
Based on these Equations (2) and (3), the spacings t 1 and t 2 of the individual check points were determined for the measurement of the flatness of the eroded area on experimental samples. Considering width of the experimental samples B = 30.0 mm and the margin width b = 3.0 mm, the check points spacing t 2 = 6.0 mm in the transverse direction was selected for all experimental samples. The check points spacing t 1 in the longitudinal direction was chosen variably with respect to the variable length L of the experimental samples ranging from 20.0-100.0 mm and the margin width a = 2.0 mm. For sample lengths L = 20.0-30.0 mm spacing t 1 = 2.0 mm was chosen, for the sample lengths L = 40.0-50.0 mm spacing t 1 = 4.0 mm was chosen, and for the sample lengths L = 70.0-100.0 mm spacing t 1 = 6.0 mm was chosen. The identification of the flatness deviations of the eroded area of the experimental sample from tool steel EN X30WCrV9-3 (W.-Nr. 1.2581) at the individual check points according to the established scheme and spacings t 1 and t 2 was performed using the 3D coordinate measuring device DAE Global Classic (Figure 8 ). The measured values of the flatness deviations of the machined surface at the defined check points of the experimental samples from tool steel EN X30WCrV9-3 (W.-Nr. 1.2581) using WEDM with CuZn37 wire electrode of φ0.20 mm diameter were processed and evaluated by PC-DMIS CAD 3.7 software.
Results and Discussions
Complete identification of all checkpoints on the experimental samples from tool steel EN X30WCrV9-3 (W.-Nr. 1.2581) after WEDM using the 3D coordinate measuring device DAE Global Classic was carried out. The flatness deviation courses for the individual lengths L of the samples and for the particular qualitative levels of the eroded surface (roughing, semi-finishing and finishing) were determined. Experimental measurements have shown deformation or curvature in certain parts of the profile of the machined surface, which varied both with the changed length of the eroded surface L and with the change of the quality of the machined surface. During the experiment, it was also found that the characteristic curvature of the machined surface after WEDM is mainly related to the vibration amplitude of the CuZn37 wire electrode with 0.20 mm diameter. Research has also shown that the magnitude and shape of the amplitude can be relatively efficiently modified by varying the intensity of the electrical discharge. As is generally known, the intensity of the electrical discharge is determined by the combination of the MTP setting and the process parameters. Consequently, the vibration of the wire electrode can be modified by a targeted selection of MTP settings and process parameters settings.
As mentioned earlier, oscillation of the wire electrode can be positively influenced to a certain extent by an increase of the tensioning force of the wire Fw. However, its maximum value must respect the mechanical and physical properties of the material EN CW508L (W.-Nr. 2.0321) of the CuZn37 wire electrode with a diameter of 0.20 mm. The value of the force Fw must under no circumstances exceed the critical value of the wire electrode material strength. Otherwise, it would be destroyed. Since during WEDM the values of the tensioning force Fw of CuZn37 wire electrode of 0.20 mm diameter were chosen close to the upper critical values, it is not possible to suppose a positive influence on the quality of the machined surface by a higher tension of the wire electrode. A good way to eliminate wire electrode vibration, therefore, appears to be the optimal setting of MTP values and process parameter values. This way, the resulting machined surface quality after WEDM can be changed, not only in terms of geometrical accuracy, but also in terms of surface roughness (SR) parameters.
The preliminary study of the impact of MTP and process parameters at WEDM on the geometrical accuracy of the machined surface in terms of flatness deviation ∆f has revealed several facts. It has been found, for example, that the pulse on-time duration t on , together with the electric discharge intensity between the wire electrode and the machined material, determined by the discharge peak current I and voltage of discharge U, in combination with the pulse off-time duration t off , create specific deflection. However, it is important to note that the extent of the flatness deviations of the eroded area ∆f after WEDM is in the range of tens of micrometers. Figure 10 shows graphical dependence that describes the shape and size of the flatness deviation ∆f R of the machined surface of the tool steel EN X30WCrV9-3 after WEDM roughing at eroded surface lengths L ranging from 20.0 to 100.0 mm.
From the graphical dependence on Figure 10 it can be observed that WEDM roughing with CuZn37 wire electrode of 0.20 mm diameter leads to a convex curvature of the eroded surface of tool steel EN X30WCrV9-3. In addition, with increasing length of the eroded surface L, the flatness deviation of the machined surface is considerably increased. Its maximum value ∆f R = 25.0 µm was obtained after the roughing operation for the eroded area of length L = 100.0 mm. On the contrary, the lowest value ∆f R = 10.0 µm was achieved at the eroded area length L = 20.0 mm.
The graphical dependence in Figure 11 describes the shape and size of the flatness deviation ∆f SF of the eroded surface of tool steel EN X30WCrV9-3 after WEDM semi-finishing operation at various eroded surface lengths L ranging from 20.0-100.0 mm. From Figure 11 , it can be concluded that WEDM semi-finishing with CuZn37 wire electrode of 0.20 mm diameter causes concave curvature of the machined surface of tool steel EN X30WCrV9-3. In WEDM roughing and WEDM semi-finishing the deformation of the eroded surface ∆f SF increases significantly with the increasing length of the eroded surface L. Its maximum value ∆f SF = 15.0 µm was obtained after the semi-finishing operation of the eroded surface length L = 100.0 mm. On the other hand, the lowest value ∆f SF = 4.0 µm was achieved at the eroded surface length L = 20.0 mm.
The graph on Figure 12 describes the shape and size of the flatness deviation ∆f F of the eroded surface of tool steel EN X30WCrV9-3 after WEDM finishing operation at various eroded surface lengths L in the range from 20.0-100.0 mm. The graphical dependence in Figure 12 shows that at WEDM, finishing with CuZn37 wire electrode of 0.20 mm diameter a concave curvature of eroded surface takes place when machining tool steel EN X30WCrV9-3, the same as with WEDM finishing. However, the flatness deviation of the eroded area ∆f F achieved after the WEDM finishing is slightly smaller compared to the WEDM semi-finishing operation. In WEDM roughing and semi-finishing the eroded surface flatness deviation substantially increases with the increasing length of the eroded surface L. Its maximum size is ∆f F = 9.0 µm for the eroded surface length L = 100.0 mm. On the contrary, the lowest ∆f F = 2.0 µm was achieved at the erosion surface length L = 20.0 mm. Figure 13 is a graphical dependence that shows the effect of length L on the maximum flatness deviation ∆f max of the eroded surface of tool steel EN X30WCrV9-3 (W.-Nr. 1.2581) after WEDM roughing, semi-finishing and finishing with CuZn37 wire electrode of 0.20 mm diameter. The graph in Figure 13 is divided into two areas. The beige area in the graph presents values of maximum flatness deviation ∆f max that were obtained experimentally. The yellow area in the graph presents values of maximum flatness deviation ∆f max that were predicted on the basis of 2nd degree polynomial function. From the dependence in Figure 13 , which summarizes the effect of individual WEDM operations on the maximum flatness deviation ∆f max of the machined surface of tool steel EN X30WCrV9-3 with CuZn37 wire electrode of 0.20 mm diameter, for different lengths of eroded area L in the range from 5.0-150.0 mm, several facts can be stated. It has been found that with the increasing length of the eroded surface L, the maximum flatness deviation ∆f max and its curvature in WEDM roughing, as well as in semi-finishing and finishing, is significantly increased. At the same time, it can be observed that the lowest values of the maximum flatness deviation were achieved at WEDM finishing. The values ∆f max of eroded surface of tool steel EN X30WCrV9-3 after WEDM at L = 5.0-150.0 mm are in the range from 1.8-45.0 µm, namely 9.5-45.0 µm for roughing operations, 3.8-27.0 µm for semi-finishing operations and 1.8-18.0 µm for finishing operations. From the graphical dependencies shown in Figures 8-10 , the orientation and the shape of the curvature of the eroded surface can also be observed in its dependence on the WEDM type of operation and its length L. The WEDM roughing operation produces a convex curvature of the eroded surface, while concave curvature is the result of the semi-finishing and finishing operation.
Practical Recommendations for Optimizing of the Size of Maximum Deviation ∆f max of the Eroded Surface
Based on the results of the experimental measurements and the predicted values of the maximum flatness deviation ∆f max of the eroded surface of tool steel EN X30WCrV9-3 after WEDM with CuZn37 wire electrode of 0.20 mm diameter, it can be stated that the combination of MTP settings and process parameters have significant influence on the size and curvature shape of ∆f max course. From the graphical dependencies shown in Figures 10-12 , the specific shapes of curvature of the eroded surfaces of tool steel EN X30WCrV9-3 achieved in individual WEDM operations can be observed. After WEDM roughing, a convex curvature of the machined surface can be observed, i.e., curvature towards the inside of the workpiece. This type of curvature occurs in roughing operations because the CuZn37 wire electrode passes through the full material. This results in the maximum oscillation amplitude of the wire electrode approximately at the center of the eroded surface profile. With this machining method, the wire electrode is active on 50% of its surface area. This high proportion of the active surface area of the wire electrode causes extreme stress of the electrode, especially in the center of eroded surface. The effect of high-intensity discharges between the wire electrode and the eroded material also results in a convex curvature (into the material) of the machined surface. This type of shape inaccuracy causes problems in practice, for example, in the precise joining of parts where the convex curvature of the machined surface causes loosening in pressed joints with little overlapping. After WEDM semi-finishing and finishing of tool steel EN X30WCrV9-3 with CuZn37 wire electrode of 0.20 mm diameter, the opposite effect can be observed. In these erosion processes, the wire electrode passes through the eroded area offset. In this case, the forces of the electric discharge push the wire electrode away from the surface of the machined material, approximately at the center of the profile of the machined surface, which causes concave curvature on the material surface. With this machining method, the wire electrode passes through the edge of the workpiece by the so-called offset, acting on about 25% of its surface. This relatively low proportion of the active surface area of the wire electrode, combined with the low intensity of the electrical discharges in this machining process, has much less negative influence on the flatness deviation of the eroded surface. In this method, the WEDM eroded surface has the shape of a slight concave curvature. Despite the relatively small curvature deviation, which is in the µm range, this deficiency is reinforced by the fact that it occurs in combination with low surface roughness (SR) of eroded material. When assembling components made by WEDM finishing, the opposite effect occurs compared to WEDM roughing. When assembling the joints with clearance (movable joints), the components are pressed together and form an unwanted rigid pressed joint. In case of pressed joints with overlapping, the concave curvature of the machined surface produces an uneven distribution of force effects, with higher self-locking forces acting in the center. At the same time, there is a clearance in peripheral parts. In addition, this qualitative deficiency at WEDM finishing is further reinforced due to the very low values of the roughness parameters of the eroded surface (Ra ≤ 0.8 µm). By increasing the number of offset cuts using low discharge energy, the concave curvature can be substantially eliminated.
Here, however, it should be noted that increasing the number of offset cuts, in practice, prolongs the machining time and thus aggravates the machining economy. Therefore, it is necessary to choose an optimal number of offset cuts with low discharge energy regarding the resulting eroded surface quality, not only in terms of the maximum flatness deviation ∆f max , but also in terms of the roughness parameters of the eroded surface and the overall economy during WEDM.
Conclusions
An important quantitative parameter in the complex assessment of the eroded surface quality after WEDM is, in addition to surface roughness parameters, the maximum flatness deviation of the eroded surface. Even though WEDM is one of the most accurate progressive machining technologies, in practice there are some deficiencies in the quality of the eroded surface in terms of geometrical accuracy. This shortcoming is mostly due to the flatness deviations of the eroded surface. The aim of the experiment was to carry out detailed research of the geometrical accuracy of the machined surface in terms of the maximum flatness deviation of the eroded surface after WEDM of tool steel EN X30WCrV9-3 with CuZn37 wire electrode of 0.20 mm diameter. Within the experiment, the influence of the eroded surface length L in each WEDM method on the range of deficiencies concerning the geometrical accuracy of the eroded surface, was precisely assessed in terms of the maximum flatness deviation ∆f max . The aim was also to propose possible measures to eliminate the negative influence of geometrical inaccuracy on finished products. The experiments have shown essential differences in the shape of curvature and the size of the maximum flatness deviations ∆f max between WEDM roughing, semi-finishing and finishing.
Summary of experimental research results:
based on the preliminary analysis of the geometrical accuracy of the eroded surface, particular types of geometrical accuracy deficiencies that were encountered in the WEDM of tool steels with the CuZn37 wire electrode were identified; the possible causes of the geometric inaccuracy of the eroded surface of tool steel EN X30WCrV9-3 with CuZn37 wire electrode of 0.20 mm diameter were determined; MTP and process parameters that significantly affect the geometrical accuracy of the eroded tool steel surface after WEDM in terms of maximum flatness deviation ∆f max were defined; experimentally, significant deviations were observed in the shape of the curvature but also in the maximum flatness deviation ∆f max of the eroded surface between the WEDM roughing, semi-finishing and finishing operations. The maximum value of the flatness deviation ∆f max = 25.0 µm of eroded surface of tool steel EN X30WCrV9-3 was recorded at WEDM roughing. Conversely, the lowest parameter value ∆f max = 2.0 µm was recorded at WEDM finishing; differences of measured values of the maximum flatness deviation ∆f max of the eroded surface in individual WEDM operations, in its dependence on the change of the total length of the eroded surface L were also found. Maximum flatness deviation at WEDM ranged for roughing from 10.0 µm-25.0 µm, for semi-finishing from 4.0-15.0 µm, for finishing from 2.0-9.0 µm. The lower values apply for length L = 20.0 mm, the higher for L = 100.0 mm; values of the maximum flatness deviation ∆f max of the eroded area were predicted for individual WEDM operations, depending on the change of the total length of the eroded surface L in the range from 5.0-20.0 mm and in the range from 100.0-150.0 mm. The lowest parameter value ∆f max = 1.8 µm was predicted for WEDM finishing with eroded surface length L = 5.0 mm. Conversely, the highest parameter value ∆f max = 45.0 µm was predicted for WEDM roughing with eroded surface length L = 150.0 mm; research of the maximum flatness deviation of the eroded surface of tool steel EN X30WCrV9-3 after WEDM with CuZn37 wire electrode of 0.20 mm diameter, was oriented with regard to the practical use of the acquired experimental results for the theory, as well as technical practice; achieved results and the proposed recommendations for practice allow to meet much narrower specification of the demands placed on the quality of the eroded surface in terms of geometrical accuracy after WEDM with CuZn37 wire electrode.
